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A portion of the concrete pavements in the US have recently been observed to have 
premature joint deterioration. This damage is caused in part by the ingress of fluids, like 
water, salt water, or deicing salts.  The ingress of these fluids can damage concrete when 
they freeze and expand or can react with the cementitious matrix causing damage.  To 
determine the quality of concrete for assessing potential service life it is often necessary to 
measure the rate of fluid ingress, or sorptivity.    Neutron imaging is a powerful method for 
quantifying fluid penetration since it can describe where water has penetrated, how quickly 
it has penetrated and the volume of water in the concrete or mortar.  Neutrons are sensitive 
to light atoms such as hydrogen and thus clearly detect water at high spatial and temporal 
resolution.  It can be used to detect small changes in moisture content and is ideal for 
monitoring wetting and drying in mortar exposed to various fluids. 
 
This study aimed at developing a method to accurately estimate moisture content in mortar.  
The common practice is to image the material dry as a reference before exposing to fluid 





then be computed using the Beer-Lambert law.  This method can be limiting because it 
requires exact image alignment between the reference image and all subsequent images. A 
model of neutron attenuation in a multi-phase cementitious composite was developed to 
use in cases where a reference image is not available.  The attenuation coefficients for 
water, un-hydrated cement, and sand were directly calculated from the neutron images.  
The attenuation coefficient for the hydration products was then back-calculated.   The 
model can estimate the degree of saturation in a mortar with known mixture proportions 
without using a reference image for calculation.   
 
Absorption in mortars exposed to various fluids (i.e., deionized water and calcium chloride 
solutions) were investigated.  It has been found through this study that small pores, namely 
voids created by chemical shrinkage, gel pores, and capillary pores, ranging from 0.5 nm 
to 50 µm, fill quickly through capillary action.  However, large entrapped and entrained air 
voids ranging from 0.05 to 1.25 mm remain empty during the initial filling process.  In 
mortar exposed to calcium chloride solution, a decrease in sorptivity was observed due to 
an increase in viscosity and surface tension of the solution as proposed by Spragg et al 
2011.  This work however also noted a decrease in the rate of absorption due to a reaction 
between the salt and matrix which results in the filling of the pores in the concrete. 
 
The results from neutron imaging can help in the interpretation of standard absorption tests. 
ASTM C1585 test results can be further analyzed in several ways that could give an 
accurate indication of the durability of the concrete.  Results can be reported in depth of 





surface area.  Since a known fraction of pores are initially filling before reaching the edge 
of the sample, the actual depth of penetration can be calculated.  This work is compared 
with an ‘intrinsic sorptivity’ that can be used to interpret mass measurements.   
Furthermore, the influence of shrinkage reducing admixtures (SRAs) on drying was studied.  
Neutron radiographs showed that systems saturated in water remain “wetter” than systems 
saturated in 5% SRA solution.  The SRA in the system reduces the moisture diffusion 
coefficient due an increase in viscosity and decrease in surface tension.  Neutron 












CHAPTER 1. INTRODUCTION, OBJECTIVES, AND ORGANIZATION 
1.1 Introduction 
Concrete pavements are designed to last between 30 and 50 years.  While most pavements 
perform at their anticipated level, some have shown premature deterioration, especially at 
the joints.  This damage decreases the service life of the pavement which results in costly 
repairs and disruption to the traveling public.  A possible cause of this deterioration is 
associated with fluid ingress which can potentially lead to freeze thaw damage, salt 
precipitation or damaging chemical reactions.  There is a need to better understand fluid 
transport and the degree of saturation as it varies from location to location in thick sections.  
 
There is a relationship between the degree of saturation and the freeze thaw performance 
[1], [2].  Once concrete reaches the critical degree of saturation, approximately 86%, 
damage will occur due to expansive ice formation leading to a decrease in relative stiffness 
(E/E0) during freezing.  If the concrete remains below the critical degree of saturation, it 
can withstand many freeze thaw cycles without damage.  This thesis compares the degree 
of saturation and rate of fluid penetration in mortars with and without entrained air.  By 
gaining a better understanding of the rate that each type of pores fill (i.e., capillary and 
entrained air), concrete mixtures can be designed to contain enough entrained air to remain 






In addition to damage caused by expanding water in pores upon freezing, many concrete 
pavements are exposed to deicing salts (including sodium chloride, calcium chloride and 
magnesium chloride).  The addition of chlorides to the solution will influence the 
absorption rate in two ways: by altering the fluid properties and by reacting with the cement 
matrix and filling pores with a new product.  Farnam et al. have studied the effect of 
calcium chloride on the transport properties of mortar [3], [4].  ASTM C1585 [5] 
absorption results were corrected for fluid properties (including density, viscosity and 
surface tension) and porosity to calculate an intrinsic absorption, or an indication of the 
depth of penetration.  In this thesis, the actual depth of fluid penetration can be determined 
using neutron radiography. 
 
Shrinkage Reducing Admixtures (SRAs) are increasingly being used in concrete as a 
method to minimize shrinkage and restrained shrinkage cracking.  SRAs reduce shrinkage 
by decreasing the surface tension of the pore solution; however, SRAs also impact the fluid 
viscosity, contact angle and density.  The changes in fluid properties alter the transport 
properties of the mortar. Neutron radiography was used to compare the drying process in 
mortars saturated with lime water and 5% SRA solution.   
 
1.2 Research Objectives 
The main objectives of the thesis include: 
 Develop a model to estimate the moisture content (in terms of degree of saturation) 






 Gain a better understanding which pores (gel, capillary or air) are filled during the 
stages of wetting 
 Relate the degree of saturation with the pores that are filled 
 Investigate the influence of CaCl2 concentration on sorptivity in terms of fluid 
properties (viscosity and surface tension) and reactions within the cement matrix.  
 Compare drying behavior in cementitious systems with and without shrinkage 
reducing admixtures (SRAs) 
 
1.3 Organization and Contents of Thesis 
This thesis serves to present work on fluid transport and neutron imaging of cement-based 
mortars. 
 
The second chapter gives a brief overview of the principles of neutron imaging and how 
they compare to the more widely used x-ray imaging techniques.   In addition, it 
summarizes previous research on absorption in porous media and cementitious materials 
using x-ray and neutron imaging.   
 
The third chapter investigates water absorption in air entrained and non air entrained mortar.  
The penetration depth was monitored with neutron radiography for 12 hours.  This true 
penetration depth is related to the value of absorption (mm3/mm2) obtained in ASTM 







The fourth chapter quantifies the degree of saturation in air entrained and non air entrained 
mortars exposed to water.  A model based on the Beer-Lambert law was developed to 
analyze images to calculate the degree of saturation within the mortar.  This model allows 
for flexibility in experiments and saves time imaging because it does not require a reference 
image in the dry state.  This work determined that as water moves through mortar, only 
small pores in the cement matrix are filling while the large entrapped and entrained air 
voids remain empty.  Moisture profiles quantifying the amount of water in the pores were 
generated.  This chapter was used to develop a paper published in 2015 titled “Using 
Neutron Radiography to Quantify Water Transport and the Degree of Saturation in 
Entrained Air Cement Based Mortar” [6].  The contributions of Mr. Dale Bentz, Dr. Daniel 
Hussey, Dr. David Jacobson and Prof. Jason Weiss are greatly acknowledged.   
 
The fifth chapter investigates deleterious reactions between a common deicing salt, 
calcium chloride, and OPC mortar.  An increase in chloride concentration results in a 
decrease in the rate of fluid penetration.  Aside from the increase in surface tension and 
viscosity, there is a formation of Friedel’s and Kuzel’s salts in addition to calcium 
oxychloride that further hinders the absorption of fluid.  This chapter was used to develop 
a paper to be published in 2015 titled “Using neutron radiography to measure the 
absorption of calcium chloride solution in mortar” [7].  The contributions of Mr. Robert 
Spragg, Mr. Dale Bentz, Dr. Daniel Hussey, Dr. David Jacobson and Prof. Jason Weiss are 







Drying in mortar was also investigated.  Since neutron radiography has the ability to detect 
small changes in fluid content at high spatial and temporal resolution, it can be used to 
capture the small changes in the moisture gradient upon drying.  The stress in the drying 
system can also be calculated from the degree of saturation along the drying front.  Mortars 
saturated in shrinkage reducing admixtures (SRAs) and lime water were exposed to a 
drying environment and monitored over 96 hours.  SRAs are used to increase concrete 
durability by decreasing the surface tension which decreases the stress developed within 
the hydrating paste, but they also increase the durability of concrete by decreasing the 
diffusion coefficient.  The neutron radiography data from this chapter was featured in a 
paper published in 2015 titled “Neutron Radiography Evaluation of Drying in Mortars with 
and without Shrinkage Reducing Admixtures” [8].  The contributions of Ms. Chiara Villani, 
Mr. Dale Bentz, Dr. Daniel Hussey, Dr. David Jacobson and Prof. Jason Weiss are greatly 







CHAPTER 2. BACKGROUND ON THE USE OF NEUTRON IMAGING IN 
POROUS MEDIA RESEARCH 
2.1 Assessing Moisture Content in Cementitious Materials Using X-Ray Imaging 
All radiographic methods, including the use of X-rays or neutrons, are based on the same 
principle of radiation attenuation upon passing through matter.  Equation 2.1 described the 
basic law of radiation attenuation or Beer’s Law [9]. 
teII  0  Equation 2.1 
where I is the measured intensity, I0 is the incident intensity, µ is the attenuation coefficient 
of the material and t is the material thickness.  The principle is depicted in Figure 2.1.  Since 
Beer’s law is applicable to X-ray and neutron imaging, experimental methods and analysis 
from previous x-ray studies can be applied to neutron imaging studies. 
 
 






The difference between X-ray imaging and neutron imaging is the part of the atom that the 
radiation interacts with.  X-rays interact with the electron shell of the atom [10] while 
neutrons interact with the nucleus.  Therefore, the more electrons an atom has, the higher 
probability for X-ray interaction.  Metals with high atomic numbers and density, such as 
lead, have high X-ray attenuation coefficients and appear clearly in radiographs.  However, 
X-rays interact weakly with light atoms such as hydrogen [11].   
 
Researchers have used X-rays to assess moisture movement in cementitious materials.    
Sant et al. [12] assessed fluid ingress in cement pastes using x-ray attenuation.  In this work 
both deionized water and shrinkage reducing admixture (SRA) solutions were used.  
Cement pastes at high (47%) and low (10%) degrees of hydration were exposed to DI water 
and 5% SRA.   The fluid ingress was quantified in terms of moisture content (MC) 



















  Equation 2.2 
where Idry is the intensity of radiation transmitted through a dry material, Iwet is the intensity 
of radiation transmitted through material containing moisture, µw is the attenuation 
coefficient of water, and t is the thickness of the material.   
 
It was seen from the x-ray images, which were normalized to the paste in the dry state, that 
the depth and rate of penetration of the SRA was lower than that of the deionized water.  A 






The depth of penetration of the less hydrated samples was greater than that of the more 
mature samples due to the greater porosity in the paste [15].  This work used the moisture 
profile to determine diffusivity by the Boltzmann-Matano method [16]–[18].   
 
Pour-Ghaz et al. performed a similar study using mortar rather than paste [19].  In this work 
water ingress was monitored in a notched specimen in attempt to quantify the effect of 
cracks on fluid transport.   The attenuation coefficient of water (µw) was experimentally 
derived by imaging known thicknesses of water and measuring the intensity.  The 
normalized intensity (normalized to a dry container with no water) was then plotted against 
the known thickness and µw was determined as shown in [figure]. Notches were sawed into 
the mortar samples and a 1 mm diameter x-ray beam was used to measure the attenuation 









where Θ is the normalized moisture content, θ is the moisture content at the measured point 
(m3fluid/m3sample), θs is the moisture content of a completely saturated sample, and θr is the 
residual moisture content in an oven dried sample.  For practical purposes, θr is considered 
to equal zero.  Mortar samples were notched with a saw and ponded with water or shrinkage 
reducing admixture solutions.  The notch geometry allowed the measurement of horizontal 
and vertical water penetration.  The samples were imaged and the normalized moisture 
content was evaluated at each point.  Richard’s equation was used to model the Darcian 
flow through the unsaturated, uniform, isothermal porous medium. Models of fluid 






Richards equation.  While these models are generally applicable, many anomalies are 
observed.  For example, the Richards equation does not consider air voids in the system.  
Along with the fact that concrete is a heterogeneous material, the t1/2 linear relationship 
does not always hold true [20].  In this work, fitting parameters were input in the FEA 
package, HYDRUS with saturated boundary conditions at the notch.  The x-ray results 
were compared to the numerical model.  The model fit well in the vertical direction but 
tended to overestimate depth of penetration in the horizontal direction.  The model fit 
acceptably with the measured data.   
 
X-ray tomography is useful for determining pore structure at a high resolution [21].  Trtik 
et al. used a combination of x-ray and neutron tomography to investigate the release of 
curing water into hydrating cement paste.  It was found that while it was possible to view 
the water movement with x-rays, the contrast and resolution wasn’t sufficient.  Instead, x-
ray tomography was used to characterize the microstructure of the lightweight aggregate 
(LWA) and define boundaries between the LWA and cement paste.  901 projections were 
taken of two LWA particles.  The reconstructed dataset had an 8.57 μm voxel size.  This 
dataset was registered to the neutron tomography datasets and the boundaries of the 
aggregate and paste were defined. From the analysis of the microstructure it was found that 
the solid parts (i.e. pores smaller than approximately 16 mm) contained more water than 








2.2 Assessing Moisture Content in Various Porous Media Using Neutron Radiography 
and Tomography 
A neutron beam’s ability to accurately detect water in-situ makes it ideal for many 
applications.  Early research utilizing neutron imaging was associated with hydrogen fuel 
cells. Extensive work by researchers at the National Institute of Standards and Technology 
(NIST) in Gaithersburg, MD has been done to accurately quantify small amounts of water 
[22]–[24].  Hussey et al [22] described the quantification and calibration of water at the 
Neutron Imaging Facility (NIF) at NIST.  To determine the coefficient of attenuation 
through water, an aluminum holder with various known thicknesses was imaged.  The 















 ln  
Equation 2.4 
 At low quantities of water, the relationship is linear but becomes nonlinear with large 
quantities of water.  The data was fit with a non-linear least-squares fit.  The attenuation 
coefficient is determined to be 0.38483 mm-1 and the non-linear β coefficient is -








Figure 2.2  Optical density as a function of water (step) thickness used to calculate the 
attenuation coefficient of water.  After Hussey et al.  [22] 
 
There were various systematic errors identified in which less water was observed than was 
actually present.  These errors included beam hardening, residual water, membrane 
swelling, and the finite image resolution.  Beam hardening is seen in Figure 2.2 where the 
trend becomes nonlinear at high thicknesses of water.  This error is remedied with the 
addition of the β coefficient.  The second source of error occurs when there is residual 
water in the “dry” reference image that isn’t accounted for in the “wet” image.  Error due 
to the finite resolution can be accounted for with the correct point-spread function (PSF).   
It was determined that a Voight model was the best fit compared to a Lorentzian or a 
Gaussian.  A 10-step protocol for imaging fuel cells in situ was developed in order to 
minimize the systematic error and accurately account for all the water. 
 
Aside from hydrogen fuel cells, neutron radiography has been very successful in 







infiltration of water in soil as well as root uptake of water.  The attenuation coefficient of 
water was determined experimentally by imaging samples with a known volume of water. 
This calibration yielded an excellent fit of neutron transmission calculations and known 
water contents.  For each experiment, a known volume of water was introduced to the plant 
and soil system.  The samples were imaged over a period of days, mapping the water 
infiltration into the soil and root uptake.  The experiment showed that the images generally 
overestimated the amount of water added to the system, presumably due to the hydrogen 
containing components in the roots and soil.   No reference images in the “oven dried” state 
were obtained for reference, however, images were taken of plain dry soil (no plants) and 
the average intensity was used for normalization.   
 
Researchers have investigated wetting and drying processes using neutron radiography.  
Early studies by de Beer et al. used neutron radiography to assess the durability of concrete 
[29]–[31].  The characteristics evaluated were porosity, sorptivity, and permeability. The 
objective of the study was to determine the ability of neutron radiography to calculate these 
characteristics compared to conventional standards and methods.  The porosity 
measurements were generally underestimated compared to the lab measurement, but they 
followed the same trend and were considered comparable.  The sorptivity was calculated 
by measuring the rate of water penetration with respect to the square root of time.  In the 
lab, concrete was exposed to water and mechanically split to reveal the moisture front.  The 
neutron radiographs slightly overestimated the sorptivity coefficient compared to the lab 
tests.   Overall, neutron radiography was found to be a good indicator of absorption and 







Tomography is a powerful imaging technique because it allows researchers to see a 3-D 
model of the contents of a specimen.  Vontobel et al. described the experimental set up and 
potential applications of neutron tomography [32].  The paper states that neutron 
tomography is mainly applied for objects in the size in the centimeter range and it can 
provide macroscopic information about material composition and object morphology.  The 
author notes that neutron imaging can be used complimentary with x-ray tomography 
because the different beams detect different atoms.  There are various parameters that 
influence the resolution of the image including the collimation ratio (L/D).  The thickness 
of the neutron scintillator screen as well as the distribution of neutrons scattered in the 
object or the detector box and reaching the scintillator screen also affects the resolution of 
the images.  The tomography procedure takes a considerable amount of time due to the 
number of projections required. 
 
Heller et al. at Pennsylvania State University used neutron tomography to calculate 
quantities of water and compute the error in the method of determining volumes of water 
[33].  Aluminum vessels of known dimensions were filled with water and imaged.  The 
images were reconstructed using Octopus reconstruction software.  It was found that the 
most accurate way to calculate the mass of water was to normalize the image to the 
reference grey level and multiply each voxel by the mass of water per voxel.  This method 
yielded a 1.3% error.  The mass of water was also calculated from radiographed images. 
Those calculations yielded a -0.1% error from the theoretical mass.  A noted downside to 







as well as one filled with water.  It would be preferable to improve other methods so only 
one set of images is needed. 
 
Neutron tomography has been used to analyze water dynamics in columns of sand [34].  
The research goal was to analyze structural effects on the fluid dynamics by measuring the 
3D water content distribution in a heterogeneous (both fine and coarse) sand column during 
two drainage-wetting cycles using neutron transmission tomography.   This method is ideal 
for research in soil physics because the best way to determine the connectivity of a 
heterogeneous medium is to directly measure it in a nondestructive way.  A 5 cm x 5 cm x 
4.2 cm column with 6 layers of 67% coarse and 33% fine sand was connected to a water 
reservoir that could vary in the z-direction to vary the pressure head.   The imaging process 
was rapid – 280 projections were acquired in 56 seconds. The volumetric water content 
was determined during the wetting and drying processes. The top layer had the lowest water 
content and the lower levels had the highest water content.  The fine sand had a higher 
moisture content compared to the coarse sand. Based on the spatial and temporal 
distribution of water, it was concluded that the drainage was most efficient where coarse 
sand was connected to the top of the column. Coarse sand without connections to the top 
drained less and later compared to the continuous coarse sand. It was also seen that coarse 
sand surrounded by fine sand could not be fully saturated even during slow wetting 
processes.  The experimental data was compared to a numerical model created using 
HYDRUS software based on the Richard’s equation.  They differed greatly but it was due 
to the way the effects of connectivity are expressed in the Richard’s equations versus other 







Recently research has been done using neutron tomography to monitor water absorption in 
lightweight aggregate for internal curing of concrete [13].   This research was done in 
conjunction with x-ray tomography.  By combining the strengths of both methods, a 
complete understanding of pore structure as well as fluid movement was achieved.  6mm 
diameter cylindrical samples of cement paste with two lightweight aggregate (LWA) 
particles placed in the center were imaged with 46 projections.  The low number of 
projections was due to time sensitivity of the experiment as the paste was hydrating.  Each 
tomography scan took approximately 10 minutes.  The top LWA particle was inserted dry 
and the bottom was inserted pre-soaked.   The images showed water uptake and later release 
of water into the paste by the dry LWA.  The pre-soaked LWA released water into the paste 
throughout the hydration time.  This water was quantified by segmenting the voxels 
identified as LWA and analyzing the mean grey level.   The mean grey level was 
normalized to that of a dry LWA particle.  It was previously calculated that there was 
8.27x10-10 g of water per grey level per voxel.  The research achieved two goals: 
quantifying the water absorbed and released in LWA and cement paste during the hydration 
process and quantifying the distance curing water travels through the paste.   
 
2.3 Summary 
Advances in neutron imaging can be applied to the study of fluid transport in concrete.  
Neutron imaging has been successful in applications such as mapping water flow in 
hydrogen cells and other porous material such as soil.  Early studies using x-ray attenuation 
to image water absorption in concrete provide a strong baseline for further research to be 







are based on mass measurements.  Neutron imaging allows for an accurate quantification 
of water content both spatially and temporally which cannot be achieved by simple mass 
measurements.  This method is also much less time consuming and requires fewer samples 
to determine the water front over time.  Instead of testing numerous samples and cutting 
them open at various times, one sample can be imaged while immersed in water.  Neutron 
radiography and tomography have proven to be very accurate in determining in situ water 
content which allows for a very accurate quantification of absorbed water volume and 
degree of saturation.   A more accurate understanding of fluid absorption in  concrete is 







CHAPTER 3. MONITORING FLUID PENETRATION AND QUANTIFYING 
MOISTURE CONTENT IN MORTAR USING NEUTRON RADIOGRAPHY 
3.1 Abstract 
This study aims to achieve three goals: to measure the depth of water penetration during 
the first 12 h of exposure, to quantify the local degree of saturation in the moisture front, 
and to relate the change in mass to the depth of fluid ingress in air entrained and non-air 
entrained mortar.  Mortars with varying degrees of hydration and air content were imaged 
using neutron radiography at the Neutron Imaging Facility (NIF) at the National Institute 
of Standards and Technology (NIST) in Gaithersburg, MD.  Neutron imaging was used 
due to its ability to detect small changes in water content with a high spatial and temporal 
resolution. It is hypothesized that the water front penetrating the mortar is not completely 
saturated, rather, the gel and capillary pores fill first and the large entrapped and entrained 
air voids remain empty as the water continues to penetrate through the mortar.  In this 
investigation, mortar samples were exposed to water and wrapped in aluminum tape to 
ensure one directional flow.  The volume of the water absorbed in the pores was calculated 
from the radiographs and used to assess the effect of entrained air on the degree of 
saturation over time. It was found that the air voids so not saturate within the first 12 hours 
of absorption.   The addition of air entrainment decreased the degree of saturation in the 








The freeze-thaw durability of concrete is related to the degree of saturation [35].  It has 
been shown that when the degree of saturation reaches a critical level (80 to 91%) freeze-
thaw damage is unavoidable [1], [2], [35]. The degree of saturation is often measured in a 
macroscopic sense.  However in thick sections there is a need to better understand how the 
degree of saturation varies from location to location.   
 
The most typical measures of the degree of saturation are based on gravimetric methods 
such as ASTM C1585 [5].  ASTM C1585 defines the absorption in terms of I, the volume 
of absorbed water (mm3) per exposed surface area (mm2).  The units used can be incorrectly 
interpreted as depth (mm).  Some believe that this number quantifies the depth of fluid 
ingress at a given time which is an important parameter when determining serve life of 
reinforced concrete structures.  The results of this test are also highly dependent on the 
initial conditioning of the concrete before exposure to water  [36]. 
 
One-dimensional absorption in cementitious materials is linear with respect to t1/2 
according to Equation 3.1 [37], [38]. 
2/1stI   Equation 3.1 
Where I (mm3/mm2) is the cumulative water absorption, s (mm/h1/2) is the sorptivity (the 
rate of fluid absorption) and t is the elapsed time. 
 
X-ray radiography has been used to evaluate water ingress in concrete and mortar [12], 







consequently neutron radiography has the ability to resolve the volume of water with 
greater precision than x-ray radiography.  As a result, neutron radiography is often used to 
quantify the moisture content in porous materials [27]–[29], [34].  This includes soil and 
plant roots [25], [27], [28], rock [29], [40], and parchment [41].   
 
Several studies have used neutron radiography to examine cement pastes and mortar [42]–
[44].  Specifically, Hanžič [43] measured the sorptivity of concrete exposed to water and 
three types of fuel oil.  Hanžič [43] showed the accuracy that could be obtained from 
neutron radiography by comparing sorptivity radiographys with the results of a gravimetric 
method.  De Beer [31] measured porosity and sorptivity with neutron radiography.  
Wittman and co-workers have measured sorptivity in mortars with and without water 
repelling agents [44], [45], in cracked cementitious materials [46], [47], and in cracks in 
strain hardening cement-based composites [46].  Overall, neutron imaging in concrete 
material has been found to correlate well with gravimetric methods.   
 
The neutron imaging studies mentioned in the previous paragraph typically evaluate a 
transmission image by taking the ratio of an image of a sample after absorption to an image 
of a sample before absorption.  The transmission image is powerful in that it allows water 
to be visually detected in the sample.  This paper however extends what was done in many 
previous studies to perform a quantitative analysis of water content.  This is based on only 
the knowledge of the attenuation coefficient of water [22] and other constituent materials.  
The attenuation coefficients can be used with the Beer-Lambert law of attenuation as 







scattered or attenuated.  As a result the neutron beam that reaches the detector (I) has a 
lower intensity than the original neutron beam (I0). The reduction in the intensity of the 
neutron beam can be described by Beer’s Law using the attenuation coefficient, µ, of the 
sample as shown in Equation 3.2.   
teII  0  Equation 3.2 
 
 
Figure 3.1.  Neutron attenuation through material.  An incident beam, I0, passes 
through matter causing some neutrons to be absorbed, some to scatter and some to pass 
though resulting in the transmitted beam, I. 
 
3.3 Experimental Methods 
3.3.1 Sample Preparation 
Mortar was prepared using Type I OPC and silica quartz fine aggregate using the 
proportions listed in Table 3.1.  BASF Micro-Air 119 was added to Mixture 0.42-AE to 
achieve an air content of 9 % by mortar volume.  Mixing was performed in accordance 
with ASTM C192-13 [48].  The fresh air content was determined following ASTM C231-







the times listed in Table 3.1.  The remaining prisms were removed from the mold after 24 
hours and sealed to continue hydration until later times listed in Table 3.1.   




















0.42-nAE 979 411 2298 5.0 16 h 34 ± 1.3 
     28 d 72 ± 0.5 
0.42-AE 938 394 2201 9.0 16 h 34 ± 1.3 
     28 d 72 ± 0.5 
0.30-nAE 1170 351 2298 6.0 18 h 34 ± 0.7 
     36 h 43 ± 0.9 
 
The mortar prisms were cut into 10 mm ± 0.7 mm slices.  The slices were oven dried at 
105 °C ± 5 °C for 2 d.  All samples were wrapped in aluminum tape before absorption 
testing to ensure one-directional absorption.  Three samples from each mixture and degree 
of hydration were used in the neutron imaging experiments. 
 
3.3.2 Neutron Imaging 
The imaging was performed at the Neutron Imaging Facility at the National Institute of 
Standards and Technology in Gaithersburg, MD. The neutron source is a 20 MW heavy-
water fission reactor operated at 37 °C.  The neutron beam used in this study has an aperture 
diameter of 10 mm, a fluence rate of 4.97x106 cm-2s-1, and a collimation ratio of 600. A 
LiF:ZnS scintillator and an amorphous silicon detector behind the samples converts the 
neutrons to light and generates an electrical signal which is recorded as a digital image with 










Figure 3.2.  Experimental set up of absorption testing in the neutron beam chamber.  
(a) Aluminum holder with 10 mortar samples and (b) a sketch of the cross section of 
the arrangement showing the water source in the aluminum track. 
 
Ten samples were placed in an aluminum frame filled to a level of approximately 10 mm 
of deionized water. In order to image all the samples, the frame was attached to a translating 
table that moved to three positions as shown in Figure 3.2. Images were captured at 1 frame 
per second for 30 s. At each location, 10 averaged images were recorded. The samples 
were imaged continuously, with the exception of when water was added, for 12 h.   
 
3.3.3 Image Processing and Analysis 
To eliminate outliers, images were combined with a median filter in groups of 3 for the 
series of images during water absorption. Reference images of samples prior to exposure 
to water were combined in groups of 10. Thirty flat field (open beam) and dark (closed 







filter in time eliminated the appearance of streaks due to gamma rays and fast neutrons 
depositing energy. 
 
All image analysis was performed using ImageJ.  Images of each mortar sample during the 
absorption period were imported, approximately 110 images for each sample.  A threshold 
was applied to the image and converted to binary to distinguish the wetted front (Figure 
3.3b).  A binary mask was created with vertical lines spaced at 10 mm as shown in Figure 
3.3c.  The mask was subtracted from the binary images of the moisture front to create a 
series of 10 line segments (Figure 3.3d).  Each line segment was then measured and 






Figure 3.3.  Determination of average depth of penetration from (a) normalized neutron 
images.  (b) Images were segmented and converted to binary and a (c) mask was 








3.3.4 Gravimetric Absorption 
The absorption of the mortar was determined gravimetrically using mortars with the same 
geometry and initial moisture condition of those used for the neutron radiography 
experiments.  Mortar was placed on supports in approximately 2 mm of water.  The mass 
was monitored for 12 h.  Measurements were taken at 1, 5, 10, 20, and 30 m, then every 
hour up to 12 h.  The change in mass was used to calculate the absorption, I (mm3/mm2), 






 0  Equation 3.3 
where m is the measured mass of the sample (g), m0 is the initial mass of the sample (g), a 
is the surface area exposed to the fluid (mm2) and d is the density of the fluid (g/mm3). 
 
3.4 Results and Discussion 
3.4.1 Depth of Water Penetration 
The depth of fluid penetration was measured as previously described for the first 12 h of 
contact with fluid.  Measurements at very early times and very little penetration, less than 
1 h and 5 mm, were difficult to measure in some cases due to excess water trapped between 









Figure 3.4  Typical radiograph used for analysis.  The image of a wetted mortar has 
been normalized to an image in the dry state.  The dashed rectangle is the area of 
analysis for water thickness calculations. 
 
Figure 3.5a compares the depth of penetration in mortars with and without air entrainment.  
At a low degree of hydration, 34%, there is a clear difference between air entrained and 
non air entrained mortar, however at a high degree of hydration, 72%, there is essentially 
no difference between the mortars with different air contents.  Interestingly, the depth of 
fluid at 12 h did not vary greatly between the low and high degree of hydration (between 
23 mm and 26 mm of fluid penetration at 12 h).   There is a decrease in pore volume with 
an increase in hydration, so it is expected for the 28 d samples to have a denser 
microstructure that would resist fluid ingress and thus decrease the rate of absorption.    In 
the air entrained mortars, there was a 10% decrease in porosity between the mortars that 
cured for 16 h and those that cured for 28 d.  In non air entrained mortars, there was a 20% 
decrease in porosity.  The large volume of stable air voids in the air entrained mortar 










Figure 3.5.  (a) Average fluid depth of penetration and (b) ASTM C1585 absorption 
results as determined by Equation 3.3  for air entrained and non air entrained mortar 
with a w/c of 0.42 
 
From Figure 3.5 it is clear that the value for absorption (mm3/mm2) is not equal to the 
actual depth of penetration although the units are distance.    The largest difference between 
the actual depth of penetration and the ASTM definition of absorption can be seen in the 
first 6 hours (approximately 2.44 hr1/2).  In Figure 3.5a, the mortar with a lower degree of 
hydration (hollow data points) has more fluid penetration, however the change in mass is 









Figure 3.6.  (a) Average fluid depth of penetration and (b) ASTM C1585 absorption 
results as determined by Equation 3.3  for air entrained and non air entrained mortar 
with a w/c of 0.30 
 
Equation 3.1 predicts a linear relationship between absorbed water and the square root of 
time.  This relationship holds true for systems at a high degree of hydration as shown in 
Figure 3.5a.  In contrast, the mortar at a low degree of hydration (between 35 and 45%) 
exhibit nonlinear behavior (Figure 3.5a, and Figure 3.6a).  This nonlinearity can be 
attributed to a decrease in porosity as well as a decrease in intrinsic permeability as the 








Figure 3.7  Influence of w/c on depth of water penetration in mortar with a low degree 
of hydration. 
 
Figure 3.7 compares the fluid ingress in mortars with the same degree of hydration and air 
content and different w/c.  As expected, the mixture with a 0.30 w/c has a lower rate of 
fluid penetration compared to the mortar with a w/c of 0.42.  This is due to less capillary 
porosity and denser microstructure in the mixture with a lower w/c. 
 
3.4.2 Degree of Saturation 
The degree of saturation along the fluid front was calculated with neutron radiography.  
The area of analysis used for all samples was in the middle of the mortar as shown in Figure 
3.4.  The change in water content in the material can be determined by normalizing an 
image of the mortar in the wet state to an image of the same mortar in the dry state [22], 
[30], [44]. Variables such as image registration errors can prevent the dry image from being 
accurately subtracted from the wet image.  In highly heterogeneous composites such as 







is crucial when measuring small quantities of water. The thickness of water (tw) can then 




















where Iwet is the measured intensity of the wet mortar, Idry is the intensity of the dry mortar 
and µw is the attenuation coefficient of water.  The measured value of µw is 0.3808 mm-1 
[6].  The calibration curve is shown in Figure 3.8.  
 
 
Figure 3.8.  Calibration curve for water.  The measured attenuation coefficient for 
water is 0.3808 mm-1 
 
 The volume of water per pixel is the thickness of water multiplied by the pixel size (p2) 
which in this experiment was 0.01488 mm2.  To compute the degree of saturation (S), the 
volume of water in the pores was normalized to the total volume of pores in each pixel as 

















 Equation 3.5 
where tsample is the total thickness of the sample and ϕtotal is the total porosity in volume 
fraction.  The procedure described is accurate for mortar that is initially in the oven dried 
state.  Since the reference image is taken when the pores are completely empty, the change 
in water content calculated from Equation 3.4 and Equation 3.5 represent the total degree 
of saturation.   
 
Figure 3.9, Figure 3.10, and Figure 3.11 are moisture profiles of the six different mortars 
exposed to water.  The degree of saturation as calculated with Equation 3.5 is plotted with 
respect to the distance from the wetting edge.  The degree of saturation labeled Smatrix is the 
degree of saturation in which all the cement paste matrix pores are filled.  For this 
calculation, gel pores, capillary pores and voids caused by chemical shrinkage in a sealed 
system are considered to be part of the matrix porosity.  Table 3.2 summarizes the 
components of porosity and Smatrix for each mixture.  Smatrix can be calculated from Powers 
model or it can be measured by vacuum saturating the mortar at different levels.  The 
mortar specimen were placed in a vacuum chamber with deionized water and evacuated to 
380 torr to fill the small voids but keep the air voids empty [52].  The samples were gently 
patted dry and weighed (mSS) then submerged in water and the buoyant mass was collected 
(mSSB).  The same samples were then placed in the chamber and the vacuum was set to 6 
torr.  This low pressure ensures that all voids, including large air voids, and completely 
filled.  Again, the samples were gently patted dry and weighed, then submerged in water 

















Where mOD is the oven dried mass of the sample. Smatrix is then the ratio of the volume of 
pores (Vpores) when vacuumed at 380 torr to the volume of pores when vacuumed at 6 torr. 




Calculated Smatrix  Measured Smatrix  
0.42-nAE 0.72 77% 72% 
  0.35 80% 78% 
0.42-AE 0.72 62% 56% 
  0.35 67% 63% 
0.30-nAE 0.35 72% 69% 




Figure 3.9. Degree of saturation with respect to distance from fluid source evaluated 










Figure 3.10. Degree of saturation with respect to distance from fluid source evaluated 




Figure 3.11. Degree of saturation with respect to distance from fluid source evaluated 
for mortars with a w/c of 0.30 and a degree of hydration of (a) 0.34 and (b) 0.43. 
 
As seen from Figure 3.9 to Figure 3.11, all mortars had moisture contents less than or equal 
to Smatrix throughout the fluid front.  The air voids remain empty and the fluid ingress is 







contents have lower degrees of saturation due to a larger volume of porosity composed of 
air which remains empty due to very low capillary pressure generated within the large pore.   
 
Figure 3.12 is a desorption isotherm for the mortars 0.42-nAE and 0.42-AE at a high degree 
of hydration.  At high relative humidities, the mortar with a lower air content stays at a 
higher degree of saturation.  At the same relative humidity, the air entrained mortar has a 
lower degree of saturation.   
 
 
Figure 3.12.  Desorption isotherm for mortar with a w/c of 0.42 and degree of 
hydration of 75% with and without air entraining admixture. 
 
3.4.3 Intrinsic Absorption 
It has been found that not all pores fill during the first 12 hours of absorption.  The depth 
of penetration, or intrinsic absorption (mm), can be calculated by normalizing the volume 







being filled, i.e. capillary pores, gel pores, and voids resulting from chemical shrinkage in 
a sealed system.  
 
The depth of penetration of water can be computed by modifying Equation 3.3.  The 
calculated value of I can be normalized to the volume fraction of pores that are being filled 
listed in Table 3.2 using Equation 3.7.  Figure 3.13, Figure 3.14 and Figure 3.15 show the 













Figure 3.13. Calculated intrinsic absorption compared to measured depth of penetration 











Figure 3.14.  Calculated intrinsic absorption compared to measured depth of 
penetration evaluated for (a) non air entrained and (b) air entrained mortar with a low 




Figure 3.15.  Calculated intrinsic absorption compared to measured depth of 
penetration evaluated for non air entrained mortar with (a) a degree of hydration of 








Table 3.3.  Measured intrinsic sorptivity of mortars exposed to water as determined from 
neutron radiographs and gravimetrically 
Sample ID 
Measured Initial Intrinsic 
Sorptivity (mm/h1/2) 
Calculated Initial Intrinsic 
Sorptivity (mm/h1/2) 
0.42-nAE-28d 7.05 ± 0.60 7.42 ± 0.13 
0.42-nAE-16h 8.23 ± 0.67 7.77 ± 0.61 
0.42-AE-28d 6.66 ± 0.07 8.50 ± 0.42  
0.42-AE-16h 7.02 ± 0.34 7.77 ± 0.03 
0.30-nAE-18h 6.35 ± 0.54 8.85 ± 0.05 
0.30-nAE-36h 4.46 ± 0.53 5.32 ± 0.06 
 
The initial sorptivity as defined by ASTM C1585 as the slope of the line that is the best fit 
to I plotted against the square root of time for points between t=0 and t=6 h (approximately 
2.44 h1/2).   The correlation coefficient must be less than 0.98 in order for the initial 
sorptivity to be determined.  If the correlation is poor or if there is a systematic curvature, 
the initial sorptivity cannot be determined [5].   
 
Equation 3.7 is representative of the depth of penetration until the water front reaches the 
edge of the sample and large entrapped and entrained air voids begin to fill.  The process 
is a piecewise function dependent on the air content of the mortar.  Equation 3.7 is also 
only valid for oven dried mortar exposed to water.  Corrections can be made to account for 










Neutron radiography was used in this study to quantify the moisture content in mortar with 
and without air entraining admixtures.  The depth of penetration during the first 12 h was 
monitored of exposure to water.  The fluid penetrated Mixtures 1 and 2 (mortars with a w/c 
of 0.42) between 23 mm and 26 mm in 12 h.  However, the degree of hydration influenced 
the absorption behavior.  The depth of penetration in the well hydrated mortars increased 
linearly with the square root of time while the depth of penetration was non-linear in the 
early-age mortars.  This is likely due to the creation of new hydration products when the 
water is exposed to the relatively high amount of un-hydrated cement in the system.    The 
moisture content and degree of saturation was determined along the height of the sample 
in the direction of fluid absorption.  It was found that clearly not all the pores are filled 
water increasingly penetrates the mortar.  The addition of entrained air lowered the degree 
of saturation throughout the moisture front.  Air entraining admixtures effectively protect 
concrete and mortar from freeze thaw damage by lowering the degree of saturation and 
ensuring it does not surpass the critical degree of saturation. The volume of pores filled 
correlates to the volume of small pores (matrix porosity excluding large air voids).  With 
this information, the analysis of absorption tests like ASTM C1585 can be modified to 
account for the porosity being filled.  This method yields results that correlate well with 








CHAPTER 4. USING NEUTRON RADIOGRAPHY TO QUANTIFY THE 
DEGREE OF SATURATION IN AIR ENTRAINED CEMENT BASED 
MORTAR 
4.1 Abstract 
Air entrainment is commonly added to concrete to help in reducing the potential for freeze 
thaw damage. It is hypothesized that the entrained air voids remain unsaturated or partially 
saturated long after the smaller pores fill with water. Small gel and capillary pores in the 
cement matrix fill quickly on exposure to water, but larger pores (entrapped and entrained 
air voids) require longer times or other methods to achieve saturation. As such, it is 
important to quantitatively determine the water content and degree of saturation in air 
entrained cementitious materials. In order to further investigate properties of cement-based 
mortar, a model based on Beer’s Law has been developed to interpret neutron radiographs. 
This model is a powerful tool for analyzing images acquired from neutron radiography. A 
mortar with a known volume of aggregate, water to cement ratio and degree of hydration 
can be imaged and the degree of saturation can be estimated.    
 
4.2 Introduction 
The ability to quantify the degree of saturation in concrete is important for many durability 
issues. For example, freeze thaw behavior is strongly linked with the degree of saturation 







freeze-thaw damage is unavoidable [1]. Air entraining admixtures are commonly added to 
concrete to increase the amount of large, stable voids (0.05 mm to 1.25 mm in diameter) 
[53]. The degree of saturation is often measured gravimetrically; however, there is a need 
to better understand how the degree of saturation varies spatially throughout the specimen. 
In this study, neutron radiography is used to quantify the degree of saturation both spatially 
and temporally, which cannot be done using the current gravimetric test methods. 
 
The goal of this research is to determine the degree of saturation of a mortar sample as a 
function of depth for any mortar mixture. Many researchers normalize images to an image 
of the same sample in a completely dry state and measure the change in water content 
directly if the attenuation coefficient of water is known [12], [21], [22], [30], [54]. To 
determine the degree of saturation, the volume of water measured must be normalized to 
the total pore volume. Alternatively, a model based on Beer’s Law was developed to 
predict the degree of saturation of mortar without using a reference image in the dry state. 
The volume fraction of each constituent including unhydrated cement, aggregate, empty 
pore space and hydrated gel product can be estimated from the mixture proportions and 
Powers model [15] and if the attenuation coefficient of each constituent is known, the 
volume fraction of filled pores (S) can be determined. 
 
4.3 Experimental 
4.3.1 Sample Preparation 
Four mortar mixtures were made with varying air content and mass-based water to cement 







mortar was mixed in accordance with ASTM C192/C192M-13a [48]  The samples were 
cast in 75 mm by 100 mm by 400 mm prisms. The prisms were cured in a sealed condition 
at a constant temperature of 25 °C ± 2 °C.  The degree of hydration was determined by 
measuring the non-evaporable water in the paste [55].  The samples were cut into 75 mm 
by 100 mm by 10 mm slices with a wet saw at various times to obtain specimens having 
the  degrees of hydration listed in Table 4.1.  The Mixture ID is formatted as the water to 
cement ratio (w/c) and air entrainment (AE or non-AE). 
Table 4.1.  Mixture proportions for mortar samples used for neutron radiography 
Mixture ID 











0.42-nAE 581.0 244.0 1363.1 5.0 0.26 ± .023 
     0.35 ± .013 
     0.65 ± .011 
     0.72 ± .005 
0.42-AE 556.5 233.8 1305.7 9.0 0.35 ± .013 
     0.72 ± .005 
 
The samples were oven dried at 105 °C ± 5 °C for 2 d and weighed to determine their oven 
dried mass (mOD). The specimens were then placed under vacuum and evacuated to a 
pressure of 930 Pa ± 670 Pa (7 torr ± 5 torr). After 3 h, lime water was introduced to the 
chamber. The chamber remained under vacuum for an additional hour. The pump was then 
turned off and the mortar specimen remained submerged in lime water for    18 h. The 
samples were then gently wiped with a towel to remove surface moisture and weighed to 
obtain the saturated mass (mSS). The total volume of pores (Vtotal) is the difference between 
the mass of the sample completely saturated and oven dried. The density of water is 







ODSStotal mmV   Equation 4.1 
The degree of saturation (S) is defined as the percentage of pore volume filled with a liquid 
phase (Vliquid) [52].  Some samples were air dried to condition them to varying degrees of 














The selected samples were then wrapped in aluminum tape to prevent moisture loss before 
imaging. The remaining samples were then oven dried before beginning the absorption test. 
All samples were wrapped in aluminum tape before absorption testing to ensure one-
directional absorption.  
 
4.3.2 Neutron Imaging 
The imaging was performed at the Neutron Imaging Facility at the National Institute of 
Standards and Technology in Gaithersburg, MD. The neutron source is a 20 MW heavy-
water fission reactor operated at 37 °C.  The neutron beam used in this study has an aperture 
diameter of 10 mm, a fluence rate of 4.97x106 cm-2s-1 and a collimation ratio of 600. The 
field of view was 25 cm by 20 cm.  A LiF:ZnS scintillator, 300 µm thick, and an amorphous 
silicon detector with a pixel pitch of 127 µm behind the samples converts the neutrons to 
light and generates an electrical signal which is recorded as a digital image with equipment 








Ten samples were placed directly in front of the detector in an aluminum frame as shown 
in Figure 4.1.  The frame was filled with deionized water to a level of 10 mm from the 
bottom of the frame.  In order to image all the samples, the frame was attached to a 
translating table that moved to three positions. Images were captured at 1 frame per second 
for 30 s. At each location, 10 averaged images were recorded.  Due to the motor movement, 
4 min elapsed between sets of images at each location. The samples were imaged 
continuously, with the exception of when water was added, for 12 h.   
 
 
Figure 4.1.  Experimental set up for neutron radiography at the Neutron Imaging Facility 
at NIST.  
 
Calibration images of the individual materials were taken to calculate an attenuation 
coefficient for water, fine aggregate, and unhydrated cement. Aluminum plates of known 
thickness and spacing were imaged empty and then filled with the different materials and 







4.3.3 Image Processing and Analysis 
To eliminate outliers, images were combined with a median filter in groups of 3 for the 
series of images during water absorption. Reference images of samples prior to exposure 
to water were combined in groups of 10. Thirty flat field (open beam) and dark (closed 
beam) images were also taken and combined with a median filter. The use of a median 
filter in time eliminated the appearance of streaks due to gamma rays and fast neutrons 
depositing energy. 
 
After combining images, they were deconvolved using the Fast Fourier Transform (FFT). 
The measured image was the true image convoluted with the point spread function (PSF) 
plus noise [23], [56]. By deconvolving the images, they are transformed back to the spatial 
domain from the frequency domain. 
 
The attenuation coefficients of the three raw materials (µi) were determined with Equation 
4.3.  The thickness of the fine aggregate and unhydrated cement powder were corrected by 







where I/I0 is the ratio of the background-corrected intensity of the sample in the state of 
interest to the background-corrected intensity of the empty aluminum containers and t is 









4.4.1 Expansion of Beer’s Law 
Assuming the average volume of each constituent of the mortar is constant throughout the 
cross section of the sample, Beer’s Law can be expanded to be the sum of the volumes of 
constituents multiplied by their respective attenuation coefficients [50]. Equation 4.4 is the 
linear relationship between the total composite attenuation coefficient of mortar and the 
degree of saturation. The total porosity is the sum of the gel water (Vgw), capillary water 
(Vcw), entrapped and entrained air (Vair) and the volume of empty space (created in a sealed 











mortar   
 Equation 4.4 
The volume of each constituent of the paste (unhydrated cement (Vc), gel solids (Vgs), gel 
water, capillary water, and chemical shrinkage) can be estimated from Powers model based 
on the degree of hydration of the paste [15], [51] as shown graphically in Figure 4.2.  The 









Figure 4.2. Volumetric proportions of constituents of hydrated cement paste with 
respect to the degree of hydration. 
 
The attenuation coefficient (µ) is the equivalent to the total macroscopic scattering cross 
section that is the product of the material density number and the total scattering cross 
section. The attenuation coefficients of water, sand, aluminum, and unhydrated cement 
powder were determined directly from the optical density of the radiographs using 
Equation 4.3. The measured value of the gel solids was back calculated and averaged over 
10 oven–dried (S=0) specimens. The total composite attenuation coefficient was known, 



















The attenuation coefficient was also calculated based on the chemical composition of the 
materials using Equation 4.6  [9]. The chemical composition of the unhydrated cement was 
given in the mill certificate from the cement manufacturer. The gel solids are assumed to 







products from the hydrolysis of C3S and C2S. Other reaction products such as ettringite are 
not considered in this computation, since C3S2H3 and CH comprise the majority of gel 









where σT is the total microscopic cross section, ρ is the density, NA is Avogadro’s number 
and m is the molecular weight.   
 
The differences between the calculated and measured values can be attributed to the fact 
that Equation 4.6 does not account for inelastic scattering and absorption effects, which is 
especially seen in the case of water [57], [58]. The difference in the values can also be due 
to inaccuracies in the estimation of the chemical composition of the materials.  
Table 4.2. Calculated and measured values of µi for use in Equation 4.4. 
Material Calculated μ (mm-1) Measured μ (mm-1) 
Aluminum (µAl) 0.0104 0.0095 ± 0.0022  
Water (µw) 0.5648 0.3808 ± 0.0036 
Fine Aggregate (µa) 0.0287 0.0339 ± 0.0002 
Cement (µc) 0.0385 0.0369 ± 0.0005 
Gel Solids (µgs) 0.2394 0.2675 ± 0.0266 
 
4.4.2 Degree of Saturation 
4.4.2.1 Predicted Values of S Based on Composite Attenuation Coefficient 
The attenuation coefficient of a particular mortar sample with the same degree of hydration 







under the assumption that the effective thickness of water in the sample is small enough 
that there are no non-linear effects of beam hardening [22]. The samples used in this study 
were 10 mm thick with a maximum porosity of 24 % so it was assumed that the effective 
thickness of water when the pores were completely filled was at most 2.4 mm, which is 




Figure 4.3.  The influence of the degree of saturation on µmortar for a (a) low degree of 
hydration (35 %) and a (b) high degree of hydration (72 %) 
 
The measured data in Figure 4.3 was preconditioned as described in Section 4.3.1. The 
degree of saturation was determined gravimetrically. The samples were imaged and the 
background-corrected intensity at the center of the sample was used in Equation 4.3 to 
determine µmortar. Multiple samples were imaged at S=0 and the coefficient of variation 
(COV) of µmortar was 4.6% for mortar with a low degree of hydration and 6.2% for mortar 







for µmortar was 6.8% for a mortar at a high degree of hydration.  The linear model, Equation 
4.4, was solved at each respective degree of hydration.   
 
 
Figure 4.4.  Influence of degree of hydration on µmortar with S of 0, w/c of 0.42, and Va 
of 0.55.   
 
The model can also estimate the degree of hydration given the total composite attenuation 
coefficient. The measured data are oven dried samples of Mixture 0.42-nAE that were 
allowed to cure for varying times. The increase in attenuation coefficient is due to the 
production of hydration products which include hydrogen-rich calcium silicate hydrate.   
 
4.4.2.2 Degree of Saturation in Mortars Absorbing Water from One Edge 
The absorption behavior of non air entrained and air entrained mortar when exposed to 
water was investigated over 12 h. The bottom surface was exposed to water and the 
moisture front was monitored. The average degree of saturation was evaluated along the 







mortar were omitted from the analysis due to excess water trapped between the aluminum 
frame and sample. 
 
Figure 4.5.  Area of analysis of a typical mortar sample exposed to water on the bottom 
surface. 
 
It is expected that the small pores in the cement paste (gel and capillary pores, as well as 
voids due to chemical shrinkage) will fill quickly as the moisture front progresses up into 
the mortar, but the large entrapped and entrained air voids will remain empty [1], [59] and 
only begin to fill slowly later in time. In Figure 4.6 and Figure 4.7, Smatrix represents the 
degree of saturation of the mortar when the pores of the cement matrix are filled (gel and 











Figure 4.6.  Moisture profiles for mortar with a low degree of hydration (a) without air 




Figure 4.7.  Moisture profiles for mortar with a high degree of hydration (a) without air 
entrainment and (b) with air entrainment. 
 
None of the samples reached a degree of saturation greater than Smatrix regardless of degree 







water. As expected, the addition of air entrainment lowers the degree of saturation within 
the mortar compared to a non air entrained specimen exposed to water for the same duration. 
According to the Young-Laplace equation, the capillary stresses generated are inversely 
proportional to the pore radius. Therefore it is expected that the small pores fill quickly, 
whereas the large voids do not generate enough pressure to cause fluid to enter during the 
initial exposure to water.  Standard tests for assessing the absorption rate in concrete such 
as ASTM C1585-13 [5] monitor mass gain in specimen exposed on one edge with respect 
to the square root of time.  The results are typically linear for the first few hours then non-
linear as it transitions to a second linear portion with a much smaller slope than the first. 
The transition region, or nick-point is due to the shift in the controlling pore size [60].  
From the analysis of the neutron radiographs, it can be seen that the initial sorptivity is 
controlled solely by the volume of small gel and capillary pores.   
 
4.5 Conclusions 
The degree of saturation in a mortar sample can be determined using neutron radiography 
using multiple methods. By expanding Beer’s Law and having knowledge of mortar 
mixture proportions and degree of hydration, the percent of water in the pores can be 
estimated. This can be advantageous because samples can be pre-conditioned in the lab or 
samples of an unknown moisture content can be imaged and S can be determined without 
a dry reference. It should be noted that this model is only for mortar where the composition 
of the cross section is assumed to be relatively constant. This technique cannot be applied 







The results of the one-directional absorption tests revealed information about the 
absorption behavior of mortar, leading to insights on how to interpret standard absorption 
procedures such as ASTM C1585-13. Notably, the initial sorptivity represents only the 
filling of the small matrix pores. This implies that the secondary sorptivity (which is a 
much slower rate than the initial) is dependent on the amount and the connectivity and/or 
pressure associated with the air void system. From a practical standpoint, the addition of 
air entrainment lowers the degree of saturation through the moisture front and can be used 








CHAPTER 5. USING NEUTRON RADIOGRAPHY TO MEASURE THE 
ABSORPTION OF CALCIUM CHLORIDE SOLUTION IN MORTAR 
5.1 Abstract 
A portion of the concrete pavements in the US have recently been observed to have 
premature joint deterioration. While this damage has been attributed to a wide variety of 
potential factors, it is hypothesized that one component of this damage can be attributed to 
a reaction that occurs when salt-laden water is absorbed in the concrete and reacts with the 
matrix. This study examines the absorption of CaCl2 solution in mortar. Due to its high 
spatial and temporal resolution, neutron imaging was used in this investigation to measure 
fluid movement. Neutrons interact with the nuclei of atoms and are therefore sensitive to 
light atoms such as hydrogen. This makes neutron imaging ideal for measuring changes in 
fluid content of a porous media.  The change in the moisture content was determined along 
the length of the specimen during absorption.  
 
 Mortar specimens were prepared with water to cement ratios, (w/c), of 0.36, 0.42 and 0.50 
by mass. The mortar specimens were conditioned to 50 % relative humidity before being 
exposed to chloride solutions with concentrations ranging from 0 to 29.8 % by mass. The 
depth of fluid penetration was monitored continuously for approximately 12 h as the fluid 
penetrated and subsequently at 24 h, 48 h, and 96 h.  At low concentrations of CaCl2 (10% 







w/c of 0.36, 0.42 and 0.50, respectively. At high concentrations (29.8 %), the sorptivity 
decreased 83 %, 87 %, and 87 % in the same mortars.  First, it is known that changes in 
the surface tension and viscosity will reduce the rate of absorption. The decrease in 
absorption at low concentrations can be attributed to these changes in fluid properties.  
Second, a reaction can occur between CaCl2 and cement paste creating products that block 
the pores and reduce absorption at higher concentrations. 
 
5.2 Introduction 
Concrete pavements represent a large portion of the transportation infrastructure. While 
many of these pavements provide excellent long-term performance, some pavements, 
particularly in the northern region of the US, have recently exhibited premature joint 
deterioration. This damage can shorten the life of an otherwise well-functioning pavement 
or can necessitate costly repairs.  Recently, studies have been conducted to examine causes 
[61], [62], early detection [63], [64], and mitigation of joint deterioration [65], [66].   
 
Other research has focused on the development of approaches to predict how long freeze-
thaw damage will take to occur. These models use fluid absorption to aid in the 
determination of the degree of saturation [67]. The degree of saturation influences the 
freeze-thaw performance of concrete [1], [2], [68]. The addition of salts to the pore fluid 
can increase the degree of saturation due to the higher equilibrium relative humidity of the 
solution  [69], [70].  The addition of salts will alter properties of the fluid such as surface 
tension and viscosity, therefore altering the transport properties such as absorption. The 







[69], which will decrease the rate of absorption [70]. Furthermore, salt can also precipitate 
out of solution and block pores, preventing further fluid ingress and locally increasing the 
degree of saturation [71]. 
 
In many cold climates, salt solutions are used on concrete roads and sidewalks to lower the 
freezing temperature of the solution to minimize the formation of ice. However, calcium 
chloride can react with the calcium aluminate phases (C3A) of cement or monosulphate 
(Afm) to create Friedel’s salt [72], [73]. The calcium sulfo-aluminate phases (Afm and Aft) 
can further react with chloride-based salts to form Kuzel’s salt [74]. Additionally, calcium 
chloride can interact with calcium hydroxide to form calcium oxychloride at room 
temperature (Equation 5.1). All three products can form in the voids, reducing fluid ingress, 
as well as reducing the volume of empty pores which increases the degree of saturation 
[71]. 
3Ca(OH)2 + CaCl2 + 14H2O → 3Ca(OH)2∙CaCl2∙12H2O       Equation 5.1 
A standardized test method for quantifying absorption of water in concrete is ASTM C1585 
[5]. This test is developed for water and does not provide corrections for fluids with 
viscosities and surface tensions that differ from those of deionized water. Additionally, the 
absorption behavior is influenced by the initial conditioning [36]. According to the standard, 





I t  Equation 5.2 
where mt is the change in specimen mass at the time t after exposure to the fluid (g), a is 







ASTM C1585 instructs users to plot the results of the test as mm3 of water absorbed 
normalized by the surface area of the specimen in mm2 versus the square root pf time. This 
calculation provides a result in units of mm which many mistakenly interpret as the depth 
of water ingress. However, the test does not account for total pore volume which can affect 
the interpretation of the results.   
 
The initial rate of absorption, or sorptivity as defined by ASTM C1585, Si (mm/s1/2) is the 
slope of the absorption versus the square root of time up to 6 h. The secondary sorptivity, 
Ss (mm/s1/2) is the slope of the absorption versus the square root of time between 1 d and 7 
d. However it should be noted that these times are dependent on the sample height and 
fluid properties [4], [17], [70]. 
 
While Equation 5.2 is used for absorption and the ASTM method for determining Si and Ss 
are useful for qualifying the absorption behavior of concrete, it is not representative of the 
actual depth of penetration into the specimen. The rate at which the fluid travels is 
dependent on the fluid properties (such as surface tension, viscosity and density) and the 
volume of pores as well as the connectivity of the pores in the paste [13], [17], [19], [50].  
To overcome this shortcoming, some have used the intrinsic absorption as defined in 















where Iint (mm) is the intrinsic absorption, Φ is the volume fraction of porosity, D0 is the 







solution (Pa·s), respectively; and γw and γs are the surface tensions of water and solution 
(N/mm), respectively. 
 
Neutron imaging is an accurate and powerful method of monitoring fluid penetration in 
porous media and has been used by many researchers [21], [25], [26], [43], [75]. This 
nondestructive test method can be used to monitor the actual depth of fluid penetration 
continuously for long periods of time. The volume of water in the system can be accurately 
quantified in addition to the ability to visually monitor fluid movement in situ  [22], [28], 
[44].  This allows for the calculation of the degree of saturation in the system which is 
directly related to long term performance, particularly in freeze-thaw cycles. 
 
5.3 Experimental 
5.3.1 Sample Preparation 
Mortar specimen were mixed in accordance with ASTM C192/C192M-13 [48] using the 
mixture proportions in Table 5.1. Both ASTM C150 Type I and Type V cements were used 
in this study. The composition of each cement is listed in Table 5.2. It is expected that 
mortars made using Type V cement will produce less Friedel’s and Kuzel’s salts when 
exposed to CaCl2 due to the lower amount of aluminates (C3A) in the system although they 









Table 5.1.  Mixture proportions for the four mortars used in absorption experiments 
Mixture 
No. 
Type I Cement 
(kg/m3) 





(SSD) (kg/m3) w/c 
1 632.6 -- 227.7 1363.1 0.36 
2 581.0 -- 244.0 1368.3 0.42 
3 524.0 -- 262.0 1363.1 0.50 
4 -- 581.0 244.0 1363.1 0.42 
 
Table 5.2. Chemical and physical properties of ordinary Portland cement  
 Percent by Mass (%) 
Component Type I  Type V 
SiO2 19.3 21.3 
Al2O3 5.2 2.6 
Fe2O3 2.9 4.2 
CaO 64.0 63.2 
MgO 2.6 4.5 
SO3 3.3 2.8 
C3S 63.4 64.0 
C2S 8.4 13.1 
C3A 9.0 0.0 
C4AF 8.7 12.8 
Blaine Fineness (cm2/g) 3680 3160 
 
The mortar was cast in 75 mm by 100 mm by 400 mm prisms. After setting, the mortar 
prisms were removed from their molds, sealed, and kept at 23 °C ± 1 °C until they reached 
60 % hydration. The curing time to reach the desired degree of hydration was computed 
using isothermal calorimetry [77].  The time to reach 60 % hydration was 27 d, 78 h, 55 h, 
and 21 d for mixtures 1 through 4, respectively.  The mortar prism was cut with a wet saw 
to 75 mm wide by 50 mm high by 20 mm ± 1.2 mm thick slices. The cut specimen were 
then placed in a chamber at 23 °C and 50 % relative humidity (RH) for 1 month. 







period [36]. Specimens were then wrapped in aluminum tape to prevent moisture loss. The 
top and bottom surfaces were subsequently exposed for absorption tests. 
 
 Additional samples of each mixture were oven dried and vacuum saturated to 100 % 
degree of saturation. A group of additional mortar specimens with a w/c of 0.42 and Type 
I OPC were conditioned differently in order to compare the degree of saturation as 
determined from neutron images and by mass. Samples were conditioned to degrees of 
saturation between 30 % and 90 % by saturating samples and letting them dry in air for 
various amounts of time.  Once dried to the desired moisture content by mass, the sample 
was rewrapped in aluminum tape and allowed to re-equilibrate for at least 24 h. 
 
Calcium chloride solutions were prepared as percent of CaCl2 to water by mass. Solutions 
ranging from 0 % (deionized water) to 29.8 %, the eutectic concentration of calcium 
chloride and water, were used for this study in order to include the spectrum of 
concentrations that may be seen in pavements in the field.  The fluid properties of each 
solution are summarized in Table 5.3 [70], [78], [79].  The viscosity of the solution 
increases by a factor of 3.3 while the surface tension only increases by a factor of 1.13.  
The sorptivity of fluid is influenced by the square root of the ratio of the surface tension to 
the viscosity [13] so the relatively large increase in viscosity will result in an overall 









Table 5.3.  Fluid properties for concentrations of CaCl2 solutions used in this study 
CaCl2 
Concentration 











0 997 0.905 72.8 1.00 
10 1087 1.045 75.02 0.94 
20 1189 1.675 79.47 0.77 
29.8 1291 2.975 85.88 0.60 
 
5.3.2 Neutron Imaging 
Imaging was performed at the Neutron Imaging Facility at the National Institute of 
Standards and Technology in Gaithersburg, Maryland. The imaging facility is located at 
Beam Tube 2 as shown in Figure 5.1. The thermal neutron source is a 20 MW heavy-water 
fission reactor operated at 37 °C. A collimation ratio (L/D) of 450 and a neutron fluence 
rate of 1.4 x 107 cm-1s-1 were used for the sorption experiments. A scientific complimentary 
oxide semiconductor (sCMOS) camera viewed a Gadolinium oxysulfide scintillator 
through a Nikon 85 mm f/1.8 lens with a PK-11a extension tube to create a neutron detector 
with an effective pixel pitch of 30 µm.  
 








Figure 5.2.  Experimental set up for chloride ponding tests. 
 
The experiment was set up such that five samples could be imaged in each test series. The 
samples were placed on a motorized table so that they could be repositioned in the beam 
line without the beam being turned off, as shown in Figure 5.2. Nine images of each sample 
were taken with an exposure time of 60 s to serve as reference images of the specimen at 
50 % RH before being exposed to the chloride solutions. Nine images of similar samples 
cut from the same prism in the oven dried and fully saturated conditions were also taken to 
determine the degree of saturation during absorption.   
 
After the reference images were captured, fluid ingress could be measured. The ponding 
reservoirs on top of the samples were filled with approximately 30 mL of solution and the 
mortar began absorbing the fluid. Three images were captured of each sample before the 
stage moved to the next position to image the next sample. As a result of the table 







5.3.3 Image Processing and Analysis 
Images were combined with a median filter in groups of 9 for the reference images or 3 for 
images taken during absorption. 30 flat field (open beam) and dark (closed beam) images 
were also taken and combined with a median filter. The use of a median filter (in time) 
eliminated the appearance of streaks due to gamma rays and fast neutrons depositing 
energy directly into the sCMOS.   
 
The images of the mortar in the wet state at time t after exposure to fluid were normalized 
to the reference image before exposure to fluid and converted to binary form as shown in 
Figure 5.3a and b. The depth of penetration was measured at 10 points, equally spaced at 






Figure 5.3.  Image analysis procedure for determining the average depth of penetration.  
(a) Background-normalized images were (b) converted to binary.  (c) A mask of 
vertical lines was subtracted from the binary images to result in (d) 10 measurable lines 







Beam hardening effects can be seen in neutron images containing relatively large quantities 
(thicknesses) of water and the water thickness can be determined with Equation 5.5 [22].  
These effects can make quantifying water difficult. However, with water thicknesses less 
than approximately 5 mm, the relationship between optical density and water thickness is 










IOD  Equation 5.4 
where OD is the optical density, I is the measured intensity and I0 is the intensity of the flat 
field. 
 
 Figure 5.4a illustrates a calculation of optical density as a function of pore volume in 
mortar for different sample thicknesses. The approximate volume fraction of the pores at 
60 % degree of hydration was determined using Powers Model and is summarized in Table 
5.4 [15], [51].  The theoretical porosity for 0.36, 0.42, and 0.50 w/c mortars ranged from 
approximately 19 % to 24 % and is indicated in the gray shaded region of Figure 5.4a.  
The volume fraction was then applied to various thicknesses of mortar to determine the 
extent of beam hardening that can be expected.   
2
)( wwwww tttOD    Equation 5.5 
where tw is the thickness of water, µw is 0.38483 mm-1, and βw is -0.00947 mm-2.  When 
using a 20 mm mortar sample as in the case of this study, beam hardening will not be 
significant as tw ≤ 4.8 mm.  This indicates that the relationship between the optical density 
and the water content can be assumed to be linear between oven dried mortar and 100 % 











1 2 3 4 
Capillary Porosity 0.071 0.097 0.128 0.099 
Gel Porosity 0.073 0.065 0.058 0.066 
Chemical Shrinkage 0.024 0.022 0.019 0.022 
Measured Air  0.020 0.035 0.040 0.026 
Total Calculated Porosity 18.8% 21.8% 24.4% 21.3% 
 
 The optical density can be normalized by the sample thickness to define the composite 
attenuation coefficient of the mortar (µmortar) [6]. By normalizing to the thickness of the 







  Equation 5.6 
 
The degree of saturation in the mortar is calculated from the radiographs using the optical 
density normalized to the sample thickness of an oven dried sample (S=0) and a completely 









  Equation 5.7 
where µDRY and µSAT are the attenuation coefficients of the mortar in the oven dried and 










Figure 5.4.  (a) Influence of mortar thickness on optical density.  The shaded region is 
the total porosity of the four mortar samples used.  (b) Relationship between the 
degrees of saturation as determined by neutron radiographs and by mass.  
 
Figure 5.4b is a plot of degrees of saturation (S) obtained via neutron radiographs versus 
the degree of saturation determined gravimetrically. A correlation exists between the 
degrees of saturation calculated from the radiographs to the actual degree of saturation 
determined by mass. 
 
5.4 Results and Discussion 
5.4.1 Depth of Fluid Penetration 
The average depth of penetration was measured every 30 min for the first 12 h of exposure 
to the chloride solution. After 12 h, the depth of penetration was measured at 25 h (300 s1/2) 












Figure 5.5.  Average depth of penetration of four concentrations of CaCl2 solution for 
mortars composed of (a) w/c of 0.36 and Type I cement, (b) w/c of 0.42 and Type I 
cement, (c) w/c of 0.50 and Type I cement, and (d) w/c of 0.42 and Type V cement. 
 
In general, the rate of fluid penetration decreases as the concentration of chlorides in the 
solution increases as shown in Figure 5.5. This is consistent with previous studies [4], [70], 
[71], [80], [81] where the rate of salt solution absorption decreases as the concentration of 
salts increase. When normalized to the sorptivity of water, there is a clear decrease in 







theoretical influence of the altered fluid properties (surface tension and viscosity) is plotted 
as a function of calcium chloride concentration.  
 
 
Figure 5.6.  Normalized sorptivity with an increase in CaCl2 concentration in the 
ponded fluid.  Sorptivity values were normalized to those of DI water for each 
respective mortar. 
 
When exposed to 10 % CaCl2, mortar prepared with Type V cement remains on the 
theoretical line, meaning the sorptivity is only influenced by the fluid properties. Mortar 
prepared with Type I cement also shows a decrease in absorption due to fluid properties 
when exposed to 10 % CaCl2 solution, however the value of normalized sorptivity deviates 
from the theoretical curve due to a decrease in porosity from the reaction between C3A and 
calcium chloride resulting in the formation of Friedel’s and Kuzel’s salts [4], [72].  At room 
temperature, calcium oxychloride can form when the CaCl2 concentration is over 12 % by 
mass [3].  When exposed to solutions with 20 % and 29.8 % CaCl2, all samples experienced 







additional decrease in sorptivity is the effect of the formation of calcium oxychloride in 
addition to the formation of Friedel’s and Kuzel’s salts in the Type I mortar [4], [62], [82].  
Calcium oxychloride and Friedel’s salt occupies space in the pores and effectively 
decreases the pore volume of the matrix hindering the rate of fluid ingress. Table 5.5 
summarizes the sorptivity (rate of fluid penetration), the normalized sorptivity and the 
percent difference between the experimental normalized sorptivity and the theoretical 
sorptivity.   
Table 5.5.  Summary of measured sorptivity and normalized sorptivity for mortar samples 

















w/c = 0.36,    





0.214 1.00 0.0 
0.138 0.64 28.9 
0.097 0.45 41.0 
0.039 0.18 69.7 
2 
w/c = 0.42,    





0.277 1.00 0.0 
0.210 0.76 16.3 
0.144 0.52 32.3 
0.035 0.13 78.9 
3 
w/c = 0.50,    





0.311 1.00 0.0 
0.235 0.76 16.2 
0.160 0.52 32.9 
0.051 0.16 72.4 
4 
w/c = 0.42,    
Type V  
0 0.361 1.00 0.0 
10 0.327 0.91 0.3 
20 0.224 0.62 19.1 








5.4.2 Change in Degree of Saturation 
The degree of saturation was monitored continuously for 12 h and calculated using 
Equation 5.7.  The samples were conditioned to 50 % RH so the initial degree of saturations 
were approximately 20 %, 16 %, 15 %, and 18 % for Mixtures 1 through 4 respectively.  
The following figures monitor degree of saturation with respect to the distance from the 
wetting edge. 
 
Figure 5.7a and b exhibit moisture profiles as expected with a steep gradient at the wetting 
front that maintains constant shape as time increases [6], [17]. However, in Figure 5.5c and 
d, there is a clear increase in the change in degree of saturation at the far end of the sample 
after the water front reaches the edge. All the small pores (gel and capillary pores [15]) 
quickly fill as the water front advances due to the high capillary pressure in the small pores, 
and once the water front reaches the edge of the sample, larger pores (entrapped and 
entrained air) begin to fill slowly as the mortar continues to absorb water.   
 
The increase in salt concentration to 10% does not greatly influence the change in degree 
of saturation. However, as noted in the previous section, it does decrease the rate of fluid 
penetration in mortars prepared with Type I cement. The moisture profiles have similar 
gradients at the wetting front compared to deionized water. Again, in Figure 5.8d, there is 
an increase in the degree of saturation at the far edge of the sample after the moisture front 








With higher chloride concentrations, like 20 % shown in Figure 5.9, the gradient at the 
fluid front becomes less sharp. In addition, there is a gradient throughout the entire distance 
of the wetted portion. In the case of deionized water and 10 % CaCl2 solution, the moisture 
content through the wetted portion was generally constant. This could be due to the change 
in fluid properties with highly concentrated solutions. The viscosity of CaCl2 solution 
doubles when the solution concentration is increased from 10 % to 20 % by mass [69]. It 
can also be due to the formation of calcium chloroaluminate phases (Friedel’s and Kuzel’s 
salts) decreasing the pore volume. When these phases form and fill porosity, the resulting 
thickness of water measured will decrease. 
 
Finally, at very high concentrations of CaCl2, 29.8 % be mass, it is clear that the penetration 
of fluid has been greatly hindered in all mortar samples including the one prepared with 
the Type V cement. In Figure 5.10, there is a two-part moisture front. There is a highly 
saturated portion near the exposed surface followed by a sharp decrease in moisture content 
for the remainder of the wetted portion.  There may be a build-up of chlorides near the 
exposed surface that accounts for the peaks seen within the first 5 mm.  Chlorine has an 
attenuation coefficient that is approximately one third that of hydrogen [57], [83] so it could 
influence the attenuation of neutrons if there are large quantities accumulated.  The wetting 
front gradually declines, which is a much different behavior compared to that of the mortars 












Figure 5.7. Degree of saturation when exposed to deionized water for mortar with (a) 
w/c of 0.36 with  Type I cement, (b) w/c of  0.42 with Type I cement, (c) w/c of 0.50 












Figure 5.8. Degree of saturation when exposed to 10% CaCl2 solution for mortar with 
(a) w/c of 0.36 with Type I cement, (b) w/c of 0.42 with Type I cement, (c) w/c of 0.50 














Figure 5.9.  Degree of saturation when exposed to 20% CaCl2 solution for mortar with 
(a) w/c of 0.36 with Type I cement, (b) w/c of 0.42 with Type I cement, (c) w/c of 0.50 












Figure 5.10.  Degree of saturation when exposed to 29.8% CaCl2 solution for mortar 
with (a) w/c of 0.36 with Type I cement, (b) w/c of 0.42 with Type I cement, (c) w/c of 
0.50 with Type I cement, and (d) w/c of 0.42 and Type V cement.  (Note change in x-
axis scaling) 
 
In many of the mortars, the fluid front reached the edge of the sample within 10 h (See 
Figure 5.7 and Figure 5.8). By 24 h, the deionized water, 10% CaCl2, and 15% CaCl2 







24 h until monitoring stopped at 96 h. This slow uptake in fluid corresponds to the 
secondary sorptivity in ASTM C1585. Figure 5.11 shows the continued increase in the 
degree of saturation after the fluid reached the edge of the sample between 24 h and 96 h. 
The rate of absorption is much slower at longer times (days) due to the low capillary suction 
in the larger voids [59], [60].   
 
 
Figure 5.11.  Increase in degree of saturation of mortars exposed to deionized water up 
to 96 h. 
 
5.5 Conclusions 
This study utilized neutron radiography to measure the depth of fluid penetration and the 
degree of saturation in four mortars (Type I cement with w/c’s of 0.36, 0.42, and 0.50 and 
Type V cement with a w/c of 0.42) exposed to varying concentrations of CaCl2. The 
addition of chlorides influences the transport properties of fluid in mortar due to changes 
in the fluid properties such as surface tension, viscosity and density. In addition, CaCl2 salt 







products such as Friedel’s salts, Kuzel’s salts and calcium oxychloride that can fill in the 
porosity and damage the matrix. At a low concentration (10% by mass), mortars prepared 
with Type I cement experienced a reduction in sorptivity between 20 % and 38 % due to 
a change in fluid properties and the creation of Friedel’s and Kuzel’s salts, whereas the 
mortar prepared with Type V cement only reduced in sorptivity by 10 %, due to the change 
in  fluid properties. Cements containing aluminates (C3A) will react with CaCl2 even at 
low concentrations to produce pore-blocking salts that reduce the subsequent rate of 
absorption. At high concentrations, all mortars experienced a dramatic decrease (between 
80 % and 87 % decrease) in sorptivity due to the change in fluid properties (increase in 
viscosity and surface tension) and the formation of calcium oxychloride.   
 
The neutron radiographs enabled the fluid ingress depth and change in degree of saturation 
to be calculated. From this information, the shape or gradient of the wetting front could be 
monitored. The wetting front became clearly less sharp as the concentration of chlorides 
increased. In addition, the phenomenon of pore-blocking with chlorides was observed at 
high concentrations (29.8 %) of chloride solutions. In this scenario, there is a build-up of 
chlorides close to the fluid source and a sharp decrease in the amount of fluid past the build-
up. This implies that the pores have decreased in volume, therefore the volume of fluid that 







CHAPTER 6. NEUTRON RADIOGRAPHY EVALUATION OF DRYING IN 
MORTARS WITH AND WITHOUT SHRINKAGE REDUCING 
ADMIXTURES 
6.1 Introduction 
Research on Shrinkage Reducing Admixtures (SRA) in concrete began in Japan in the 
1980’s [84]–[86].  In the late 1990s, research in the US began to explore new formulations 
of SRA as well [87]–[91], as a way to reduce shrinkage and cracking in normal and high 
strength concrete. 
 
This work builds on the early research to quantify the role of SRA in moisture gradients. 
The SRAs are chemical surfactants that are added to concrete to reduce the surface tension 
of the pore fluid.  This reduction in surface tension reduces drying shrinkage by reducing 
the capillary pressure generated and reducing the drying rate that generates higher degrees 
of saturation (Weiss et al., 1999). Review articles have been developed on the use of SRAs 
in concrete. These articles describe how the SRAs alter the shrinkage, cracking resistance, 
mechanical properties and fluid transport [92]–[96]. Many of these properties are measured 
and related to the properties of the pore solution.  
 
Ai and Young [91] and Pease et al. [97] have provided measures of surface tension of 







solutions and pore solution-SRA solutions at one temperature [98], [99].  Bentz reported 
that SRA significantly increased solution viscosity at 22 °C at a 10 % concentration [92]. 
Villani [8], [100] performed a detailed examination of the surface tension and viscosity of 
SRA solutions at various temperatures. 
 
At a molecular level, surfactants (like SRA) are amphiphilic. Each surfactant molecule is 
composed of a hydrophilic head that is covalently bonded to a hydrophobic (i.e., non-polar) 
tail [101]. The hydrophilic head is attracted by polar and hydrogen bonding solvents, such 
as water, and oppositely charged surfaces. The hydrophobic tail is a non-polar hydrocarbon 
chain and is attracted by non-polar solvents, such as oil, but is repelled from polar 
molecules such as water [98].  Adsorption of surfactants at interfaces causes a reduction in 
the interfacial energy; as such, addition of SRA produces a reduction in the surface tension 
of the water–air interface.  
 
Schieβl [102] examined drying profiles in plain concrete and concrete containing SRA 
using electrical resistivity. They reported similar electrical resistivity profiles at early ages, 
implying similar moisture content, however the resolution of the resistivity measurement 
seemed insufficient for capturing differences between the plain and the SRA system during 
drying at early age. Bentz et al. [88] reported a change in the drying profile in presence of 
SRA.  While in presence of pure water the drying front remains uniform across the depth 
(i.e., loss of water simultaneously at all depths during drying), but when SRA are present 
in the system a sharp drying front forms (i.e. large moisture content change within a few 







samples containing SRA was reported by Weiss [89] and Sant et al. [50]. This was 
theoretically predicted and related to the increase in viscosity and reduction in surface 
tension of the fluid [12], [89], [98], as the sorptivity coefficient scales as the square root of 
surface tension divided by viscosity [13], [14].  
 
Radlinska et al. and Weiss et al. [103], [104] showed the influence of surface tension on 
the size of the pores emptying during drying and shrinkage over a wide range of relative 
humidity (RH). Eberhardt [99] reported a change in the desorption isotherm response of 
systems containing SRA that showed a lower saturation for the same RH compared to 
systems without shrinkage reducing admixtures.. 
 
Neutron radiography is sensitive to hydrogen and therefore can accurately quantify in situ 
water movement [22]. This method provides a powerful tool in quantifying water in porous 
materials such as soil and plant roots [25], [27], [28]. Researchers have applied neutron 
imaging to concrete to assess properties including sorptivity and porosity. Hanžič [43] 
measured the sorptivity of concrete exposed to water and three types of fuel oil. The results 
from neutron radiography were compared with sorptivity obtained from a gravimetric 
method. De Beer [31] measured porosity and sorptivity with neutron radiography and using 
standard procedures in the lab.  There have been previous studies investigating the drying 
of mortar using neutron imaging [21], [30], [105], [106], but modified solutions such as 








6.2.1 Sample Preparation 
One commercially available shrinkage reducing admixture has been used throughout this 
study [100].  A 5 % SRA solution by mass was used to perform desorption tests and neutron 
radiography. 
 
Desorption tests and neutron radiography were performed on plain mortar samples that 
were previously exposed to mild drying and then saturated in the 5 % SRA solution. The 
mortar used had a water-to-cement mass ratio (w/c) of 0.42 and 55 % of fine aggregate by 
volume. The mixing procedure was in accordance with ASTM C192 [48]. Mortar beams 
(10 cm wide by 7.5 cm tall by 35.5 cm in length) were cast, demolded after 24 h and then 
sealed in double bags for one year.  
 
For desorption testing, thin slices were cut (0.8 ± 0.05) mm using a water-cooled diamond-
tipped wafer saw, then exposed to drying (50 °C ± 0.5 °C) for 2 d and subsequently 
submerged in lime water or in 5 % SRA solution for 24 h before testing. A 50 mg to 70 mg 
portion of the slice was used for testing. 
 
For neutron radiography, 75 mm by 50 mm rectangular slices were cut to 20 mm ± 1.5 mm 
thick with a wet saw. The specimens were then placed under vacuum and evacuated to a 
pressure of (930 ± 670) Pa (7 torr ± 5 torr).  After 3 h, lime water or 5 % SRA solution was 
introduced to the vacuum chamber.  The chamber remained under vacuum for an additional 







solution for 18 h. Each specimen was then removed and completely wrapped in aluminum 
tape and stored in an airtight plastic container until being imaged (approximately two 
weeks). 
 
6.2.2 Dynamic Vapor Sorption (DVS) testing 
Vapor desorption isotherms were measured using a dynamic vapor desorption analyzer 
(TGA Q5000), where the samples were subjected to a constant temperature while the RH 
was varied in controlled steps and the mass recorded as a function of time.  The test started 
by equilibrating the sample at 97.5 % RH for either 96 h or until the sample had achieved 
a stable mass (less than 0.001 % mass change/15 min).  The RH was then reduced in the 
multiple steps (96.5 %, 94.9 %, 90 %, 87.6 %, 83.8 %, 76.8 %, 70 %, 59 %, 50 % and 40 %) 
and the specimen finally dried to 0 % RH. The multiple steps were chosen in order to 
accurately capture the desorption curve at high RH where the two systems were expected 
to differ more substantially. The specific RH steps were chosen to empty specific size pores 
approximated using the Kelvin-Laplace equation, namely 40 nm, 30 nm, 20 nm, 10 nm, 8 
nm, 6 nm, 4 nm, 3 nm, 2 nm and 1.5 nm, when the evaporating fluid is pure water. For 
each RH step, the sample was allowed to equilibrate for 12 h or 0.001 % (of initial mass of 
the sample) change in mass over 15 min.  
 
6.2.3 Neutron Imaging 
Neutron radiography was performed at the Neutron Imaging Facility at the National 
Institute of Standards and Technology (NIST) in Gaithersburg, MD.  The beam-defining 







107 cm-1s-1.  A scientific complimentary oxide semiconductor (sCMOS) camera viewed a 
Gadolinium oxysulfide scintillator through a Nikon 85 mm f/1.8 lens with a PK-11a 
extension tube to create a neutron detector with an effective pixel pitch of 30 µm. 
 
The experiment was set up such that five samples could be imaged in sequence. The 
samples were placed on an automated, motorized table so that they could be positioned 
without the beam being turned off, as shown in Figure 6.1. Nine reference images of the 
fully saturated specimens were captured, each with an exposure time of 60 s. Images of 
similar samples cut from the same prism in the oven dried condition were also taken. After 
taking the initial saturated images for each specimen, the top surface of the specimen was 
exposed to the drying environment. Three images were captured before the stage moved to 
the next position to image the next sample. As a result of the table movement, 
approximately 30 min elapsed between each set of images per specimen. To eliminate 
outliers, images were combined with a median filter in groups of 9 or 3 for reference or 
drying images, respectively.  30 flat field (open beam) and dark (closed beam) images were 
also taken and combined with a median filter. The use of a median filter in time eliminated 
the appearance of streaks due to gamma rays and fast neutrons depositing energy directly 









Figure 6.1. Experimental set-up for neutron radiography at the Neutron Imaging 
Facility.  The top aluminum was removed at the start of the drying experiment. 
 
6.3 Results 
6.3.1 Theoretical Observations on the Influence of Liquid Properties on Drying 
The change in liquid properties in presence of SRA will affect the mechanism of drying in 
its various phases [107]. With reference to the three stages of drying widely known 
(Constant Rate Period, First Falling Rate Period and Second Following Rate Period), the 
movement of fluid in the same pore structure will be influenced by the changes in viscosity, 
surface tension and contact angle in each stage as following. It should be noted that liquid 
properties are continuously changing as drying occurs in a system containing SRA, since 
water is the principal component leaving the porous system, while SRA remains, thus 















The reduction in surface tension and contact angle will increase the liquid vapor pressure,  
thus increasing the evaporation speed in the Constant Rate Period [108] ,while the increase 
in viscosity will reduce the fluid flow according to Darcy’s law [109]. 
 
In the two Falling Rate Periods, when the menisci are driven into the pores, evaporation 
from pendular regions occurs and flow in the funicular region will occur. While the 
reductions in surface tension and contact angle tend to increase the rate of evaporation in 
the pendular regions, the increase of viscosity of the SRA solution with respect to pure 
water will decrease the flow rate of the fluid to these regions.  
 
Additionally, according to the Kelvin-Laplace equation at equilibrium, smaller pores will 
be emptied in the specimens with SRA for the same external pressure (pa), due to the 







m  Equation 6.1 
where Vm is the molar volume of the fluid and r is the capillary radius.   
 
Liquid properties are also expected to influence the drying front generated. Shaw [110] 
experimentally proved that the width of the drying front in a porous material is inversely 
proportional to the square root of the capillary pressure gradient [110], [111] and inversely 
proportional to the velocity of the drying front. Shaw also suggested that in presence of 
fast drying, which is the case studied in this work, the fluid flow is the dominant mechanism 







flow, the velocity of the drying front can be then related to the pressure gradient and 







    Equation 6.2 
where v is the velocity of the fluid, k is the liquid permeability,  is the total porosity, P 
is the capillary pressure gradient across the drying front and μ is the viscosity of the wetting 
fluid. It is hypothesized that in presence of SRA, during the first, instantaneous, phase of 
drying a larger pressure gradient is generated as a consequence of the reduction in surface 
tension. The velocity of the drying front will be then defined by the combination of the 
effect of the increased pressure gradient and of the increased viscosity.  
 
6.3.2 Desorption Isotherms 
Changes in the desorption curves are expected when liquid properties are altered. 
Assuming the validity of the Kelvin-Laplace equation (Equation 6.1) , surface tension, 
contact angle and density will be responsible for altering the amount of fluid in equilibrium 
at different relative humidities. Conversely, viscosity will mainly alter the rate of drying, 
modifying the flow of fluid in funicular conditions according to Darcy’s law (Equation 6.2). 
Specifically, the equilibrium water content at different relative humidities is supposed to 
decrease in the presence of SRA due to the reduction in surface tension and contact angle 
since smaller pores are emptying out. Conversely, the drying time would increase due to 









The desorption curves are presented in Figure 6.2(a), where the equilibrium water content 
is shown as a function of RH for the systems saturated in water and in 5 % SRA solution. 
It can be seen that at high relative humidities, the sample containing SRA shows a lower 
mass at equilibrium, as expected from theory. The longer drying time at high RH for the 
sample initially saturated in SRA solution is experimentally confirmed in Figure 6.2(b) 
where it can be noticed that the equilibrium mass at 60 % RH is reached after 78 h (280000 





Figure 6.2. (a) equilibrium water content for mortar saturated in water or in 5 % SRA 
solution (standard deviation within 0.1 and 0.9% in the RH range analyzed, based on 
two desorption tests performed on water saturated samples); (b) normalized mass and 








Information on the porous structure and on the liquid properties allow one to predict 
changes in the desorption isotherm. Changes in the desorption curve can be evaluated 
adopting a two-step approach: 
 
First, perform a desorption test for a sample initially saturated in water to evaluate the 
cumulative pore size distribution and vacuum saturate a sample to quantify the total 
porosity of the material [52]. The differential pore volume can then be quantified for each 
pore range analyzed, assuming the validity of the Kelvin-Laplace equation. In this study, 
the last step has been done considering the density of water to be equal to 1000 kg/m3.  
 
Second, assuming that no changes occur in the porous system (total porosity and pore size 
distribution) of a fully hydrated material (degree of hydration > 85 %) during saturation in 
SRA solution, the desorption isotherm of the system containing SRA solution can be 
approximately quantified considering only the reduction in surface tension. The lone 
influence of surface tension can be considered if presenting the desorption isotherm in 
volumetric terms and assuming the validity of the Kelvin-Laplace equation when 
negligible changes in the liquid vapor pressure and liquid molar volume occur. For a 5 % 
SRA solution, the surface tension is assumed constant and equal to 0.036 N/m [100].  
 
The comparison between the experimental desorption curve and the model is presented in 
Figure 6.3. A very good correspondence between the model and the experimental curve is 
obtained at high relative humidities (> 95 %), while the two curves deviate at lower RH, 







if a gravimetric type of desorption isotherm is required, information on the density of the 
fluid needs to be provided. Knowing the density is challenging, since it is directly related 
to the mass loss (i.e., the density of the solution is a function of the SRA solution 
concentration) which is unknown in the problem. A first order approximation can be 
obtained assuming that water is the only component leaving the system (not SRA) and that 
SRA does not modify the way water leaves the porous system. 
 
 
Figure 6.3. Experimental and modeled desorption isotherms for a cementitious mortar 
saturated in water and 5 % SRA solution, presented in terms of volumetric degree of 
saturation (DOS by volume) 
 
6.3.3 Moisture Diffusion Coefficient  
The desorption data can further be used to quantify the non-linear diffusion coefficient with 
respect to RH according to an approach proposed by Anderberg and Wadsö [112]. This 
approach assumes the sample can be approximated as a slab drying from two sides and 







diffusion coefficient with respect to RH for samples initially saturated in water and 5 % 
SRA are presented in Figure 6.4. The calculation has been performed in this study 
considering the mass range corresponding to 10 % to 50 % of the total mass lost in each 
RH step. Slower drying is confirmed for the system containing SRA that shows a lower 
diffusion coefficient for the entire range of relative humidities compared to the sample 
saturated in water. 
 
 
Figure 6.4. Diffusion coefficient with respect to RH evaluated from desorption data for 
samples saturated in water and 5 % SRA solution 
 
Changes in the diffusion coefficient when liquid properties are altered can be predicted 
using the approach introduced by Villani et al. [100]. The increase in viscosity due to SRA 
alters the portion of the diffusion coefficient associated with liquid diffusion at high relative 
humidities, while the surface tension alters both the vapor and the liquid portions [100], 







both responsible for the reduction in the diffusion coefficient as confirmed experimentally 
in Figure 6.4. 
 
6.3.4 Moisture Profiles 
The spatial change in water content was measured using neutron radiography. The water 
content was determined for the middle third of the sample. Many researchers normalize 
images to an image of the same sample in a completely dry state and measure the change 
in water content directly, if the attenuation coefficient of water is known [22], [29], [50], 
[115].  Since the final goal was to determine the degree of saturation, the mass of water 
lost while drying had to be normalized by the total volume of pores. As the volume of water 
that is lost from the samples is smaller than an equivalent thickness of 5 mm [7], beam 
hardening effects can be neglected in this analysis. Assuming the volume of pores is 
constant through the 20 mm cross section of the mortar, the total volume of pores per pixel 
can be estimated by Equation 6.3 where the quantity Idry/Isat is the constant value of the 
ratio of the average intensity of a mortar sample in the oven dried condition to the intensity 
completely saturated, tsample is the thickness of the sample and µw is the attenuation 




















Similarly, the change in volume of water per pixel can be computed at each position from 




























The degree of saturation at each position from the drying edge, i and time t can be computed 
using Equation 6.5.   Assuming the thickness of the samples to be constant, Equation 6.5 





























,  Equation 6.5 
 
The computed degree of saturation along the sample is presented in Figure 6.5.  It is clear 
that the moisture gradient is sharper in the SRA system and initially only acts within the 
first 5 mm from the drying surface.  The water system shows a highly variable gradient 
through the first 10 mm from the drying surface.  As described previously, the mortar with 
the SRA solution maintained a higher degree of saturation (more moisture) due to a reduced 
diffusion coefficient. This can also be seen visually throughout the samples in Figure 6.7. 
The water system appears to lose more water, particularly near the surface, as compared to 
the SRA system. Similar results, but with an even more pronounced difference in the drying 
fronts between plain and SRA systems, have been obtained on fresh cement pastes prepared 










Figure 6.5. Average moisture profile in terms of degree of saturation for mortar 
samples drying from one edge for a system saturated in (a) lime water and (b) 5% SRA 
solution. 
 
The results of Figure 6.5 can be analyzed in terms of RH or capillary pressure. In Figure 
6.6, the degree of saturation of both samples at their core after 96 h of drying has been 
converted into RH and then into capillary pressure, using the experimental desorption 
isotherms and the Kelvin-Laplace equation, respectively. The conversion between degree 
of saturation and RH has been used in the regions (drying edge and core of the samples) 
where quasi-equilibrium conditions are verified. It can be seen from Figure 6.6. Relation 
between DOS, RH and capillary pressure in the systems containing water and SRA that the 
capillary pressure gradient generated across the drying front with respect to the edge of the 
sample is higher for the sample containing SRA, while the width of the drying front is 







seems lower in the presence of SRA, highlighting that the effect of the increased viscosity 
in presence of SRA is significant with respect to the effect of the capillary pressure gradient. 
 
 
Figure 6.6. Relation between DOS, RH and capillary pressure in the systems 






















Figure 6.7. Change in the DOS in the first 12 mm from the drying surface in a mortar 
saturated in lime water (a,b,c,d,e) and in a mortar saturated in 5 % SRA 
(aa,bb,cc,dd,ee) solution at (a, aa) 30 min, (b, bb) 2.5 h, (c, cc) 6 h, (d, dd) 16 h and 










Shrinkage Reducing Admixtures (SRA) have been known to reduce the capillary pressure 
and minimize restrained shrinkage cracking by reducing surface tension of the pore 
solution. SRA however also impacts other fluid properties such as viscosity, contact angle 
and density, resulting in alteration of absorption and desorption processes in cementitious 
materials. 
 
The drying process is influenced by the presence of SRA in solution, due to the reductions 
of surface tension and contact angle that increase the rate of evaporation in pendular 
conditions. The viscosity increase of SRA solution slows the flow in funicular regions. The 
desorption curves will be consequently altered. Specifically the decrease in surface tension 
and contact angle modified the amount of solution in equilibrium at different relative 
humidities (“volumetric” desorption curve) and reduced the size of pores emptying at 
certain RH. The increased viscosity of SRA solution extended the drying time of 
cementitious samples during desorption testing.  
 
From theoretical considerations, the increase in viscosity and the reduction in surface 
tension would be responsible for a decrease in the moisture diffusion coefficient. This 
aspect was confirmed by calculating diffusion coefficient values from desorption isotherms. 
The diffusion coefficients were lower for the cementitious system saturated in SRA 









The effect of SRA on solution properties and further on drying was confirmed from 
measurements performed using neutron radiography. Moisture profiles, in terms of degree 
of saturation, were obtained that further confirmed the higher degree of saturation 
experienced in systems containing SRA related to the proven reduction of the moisture 
diffusion coefficient. From neutron radiography measurements, it was also possible to 
visualize the sharper drying front generated in the system containing SRA, which appears 







CHAPTER 7. CONCLUSIONS AND FUTURE WORK 
7.1 Summary of Current Work 
Understanding transport properties is becoming increasingly more important as the 
industry strives to accurately predict the service life of concrete elements.  Neutron 
radiography is an effective method for visualizing and quantifying small changes in 
moisture content in mortar and can provide information that is unattainable using standard 
concrete test methods.  This thesis focused on fluid absorption in an unsaturated system, 
and drying in systems containing SRA.  
 
The first part of this thesis, CHAPTER 3, compared typical results for standard absorption 
test with measured depth of penetration from neutron radiographs.  The results from the 
standard test should be carefully analyzed and not interpreted as the depth of fluid 
penetration although the units of absorption are mm3/mm2 or mm.  Mortars with and 
without entrained air were exposed to water for 12 hours.  This duration of time is within 
the expected range of the initial absorption which is controlled by capillary action through 
the small pores rather than the slow secondary absorption that is controlled by the air voids.  
Using neutron radiography, it can be known with certainty where the water flows and the 
volume of fluid occupying the pores.  Standard laboratory test methods based on changes 







in the wetted front.   However, by normalizing the volume of absorbed water to the volume 
of small pores (namely gel and capillary, as computed by Powers Model), the actual depth 
of penetration can be calculated until the water front reaches the edge of the specimen.  
 
The implications of the results of CHAPTER 3 exceed the reinterpretation of ASTM C1585 
results.   The results of the neutron imaging definitively quantified the degree of saturation 
throughout the mortar while absorbing water.  This degree of saturation (Smatrix) is the 
degree of saturation that an element of concrete will achieve before the slow process of 
filling air voids will begin.  The degree of saturation is strongly linked with freeze-thaw 
performance and entrained air is added in order to lower the degree of saturation.  By 
knowing that the gel and capillary pores fill initially, the value of can Smatrix be calculated 
and concrete mixtures can be designed such that Smatrix remains well below the critical 
degree of saturation [116].  
 
A model for the attenuation of neurons though mortars was developed as described in 
CHAPTER 4.  The attenuation coefficients of the raw materials were measured and the 
attenuation of the hydration products was calculated.  Using these coefficients in 
conjunction with the known volume fraction of each constituent, the total amount of water 
in the system can be determined.  This model allows for flexibility in experiments.  For 
example, mortar can be pre-conditioned to an initial relative humidity and the total 








The work presented in CHAPTER 5 builds upon previous research on absorption of 
chloride solutions in mortar.  The current ASTM standard for measuring absorption in 
concrete does not have specific corrections for fluids aside from water, but other 
researchers have made corrections based on fluid properties such as density, viscosity, and 
surface tension.  Theoretically, the rate of fluid absorption is reduced by the square root of 
the ratio of surface tension to viscosity.  Neutron radiography allowed for the direct 
measurement of the sorption and it was found that the sorption was lower than the expected 
theoretical sorption for mortar prepared with Type I cement.  In the mortar prepared with 
Type V cement, the value of sorption was essentially the same when exposed to 10 % 
CaCl2, but deviated from the theoretical expectation at 20 % and 29.8 % CaCl2.  This 
implies that mortar with Type I cement containing calcium aluminates are forming 
Friedel’s and Kuzel’s salts at low concentrations while mortars with Type V cement are 
not.  However, at high concentrations, the large decrease in sorptivity can be attributed to 
the additional formation of calcium oxychloride in all mortars, regardless of cement 
composition. 
 
CHAPTER 6 investigated the drying behavior of mortar containing water or 5 % shrinkage 
reducing admixtures.  Neutron radiography allowed for the moisture profile of the drying 
mortar to be measured at a high resolution.  SRA solutions increase the viscosity of the 
pore solution which slows the flow of the (and decreases the depth of the drying front) 
while the decrease in surface tension decreases the diffusivity (thus the bulk of the mortar 









7.2 Suggestions for Future Work 
The data collected from neutron radiography opens up many future research opportunities.   
 The mortars used in CHAPTER 3 and CHAPTER 4 were oven dried prior to 
exposure to water.  Future studies can monitor absorption using radiography with 
varying initial relative humidities.  Equation 3.7 can be expanded to account for 
initially filled porosity to estimate the depth of penetration. 
 Mortars exposed to 29.8% CaCl2 in CHAPTER 5 showed very little fluid 
penetration with a two-part moisture front.  To expand on this work, samples 
exposed to high concentrations of calcium chloride can be imaged oven dried 
before exposure, during absorption, then oven dried again and imaged.  This series 
of images separates the fluid from the reaction products (Kuzel’s or Friedels salts 
or calcium oxychloride) and could explain the peaks in Figure 5.10. 
 Shrinkage strains can be computed from the moisture profiles of mortar drying with 
and without shrinkage reducing admixtures.  This data can be related to 
experimental curling or measured shrinkage. 
 Neutron radiography or tomography can be used to investigate the moisture 
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